1. Introduction {#sec1}
===============

Nanopatterns on a substrate surface play diverse roles in a wide range of application areas, from semiconductors,^[@ref1]−[@ref3]^ plasmonics,^[@ref4]−[@ref9]^ photonics,^[@ref10]−[@ref12]^ and sensors,^[@ref13]−[@ref15]^ to field emitters^[@ref16]^ and biomedicine.^[@ref17]−[@ref21]^ Often, multiple properties desired for specific applications can be obtained by increasing the heterogeneity of the nanostructure arrays.^[@ref22]^ Composed of either one type of nanostructure arranged in different geometries or several types of nanostructures (e.g., with different sizes, shapes, compositions, or orientations) arranged in the same or different geometric patterns,^[@ref23]−[@ref25]^ nanostructure arrays with multiple periodicities are particularly attractive due to their programmability and flexibility in producing desired chemical and structural features.^[@ref5]^ There are already a variety of lithographic methods used to create surface patterns of nanostructures including electron beam lithography,^[@ref26]^ optical lithography,^[@ref27]^ and focused ion beam etching.^[@ref28]^ However, these lithographical methods are usually expensive, time-consuming, and inefficient for creating complex surface patterns. In contrast, colloidal lithography has been developed rapidly as a low-cost, high throughput, and efficient technique for fabrication of two-dimensional surface patterns.^[@ref29]−[@ref39]^ For example, by using a monolayer colloidal crystal (MCC) template, composed of closely packed polystyrene (PS) spheres, as a mask during thermal or sputtering deposition of a thin film, honeycomb arrays of nanotriangles, nanorings, nanorods, and nanocrescents can be easily prepared after removing the PS spheres.^[@ref29]−[@ref34]^ Comparatively, hexagonally arranged hollow sphere or micropillar arrays can be created by growing materials on the MCC template behaving as a scaffold employing the electrochemical deposition or pulsed laser deposition methodologies.^[@ref35]−[@ref39]^ Building units in these surface patterns created by the colloidal lithography approach are limited to be either hexagonally arranged or in a honeycomb pattern. Therefore, new concepts that can increase the heterogeneity of surface patterns created by colloidal lithography methods are crucial in expanding the application fields of conventional colloidal lithography technique.

In this work, by merging the masking and scaffolding modalities of the MCC template, we developed a unique single-step process for creating binary and ternary patterns on a surface over large areas (\>1 cm^2^) with excellent structural programmability. Each unit of the binary surface pattern consists of a large central particle and six satellite particles, realized by a controllable deformation of the gold-coated MCC template and a thermodynamically driven dewetting process. Ternary surface patterns composed of nanoparticles with two different sizes arranged in different geometries, as well as hexagonally arranged nanoparticle clusters, can be obtained using a nonclose-packed gold-coated MCC template. The structure of the binary and ternary patterns can be conveniently predesigned and adjusted by varying parameters that influence the template deformation and/or the dewetting processes. Surface patterns with such complicated structures are almost inaccessible using traditional fabrication concepts. By tailoring the structure of the Au nanoparticle patterns or simply tilting the incident angle of the excitation illumination, the localized surface plasmon resonance (LSPR) peaks can be maneuvered over a broad range of wavelengths in a highly controllable manner. With their tunable plasmonic properties and excellent programmability, we believe these loosely packed binary and ternary Au surface patterns can be valuable in applications such as LSPR-based and surface-enhanced Raman scattering (SERS)^[@ref2]^ sensing, plasmonic-enhanced solar cells,^[@ref40],[@ref41]^ and water splitting.^[@ref42]^

2. Results and Discussion {#sec2}
=========================

2.1. Surface Patterning Mechanism {#sec2.1}
---------------------------------

By combining the masking with the scaffolding modalities of the MCC template, we developed a unique single-step process for creating binary and ternary patterns on a surface over large areas (\>1 cm^2^). The fabrication concept is shown in Figure [1](#fig1){ref-type="fig"}. A large area, uniformly structured MCC template composed of PS spheres was prepared by a spin-coating process (Figure [1](#fig1){ref-type="fig"}a).^[@ref14],[@ref29]−[@ref39]^ After fixing the MCC template on the underneath Si substrate by heating at 110 °C for 5 min, a thin layer of Au film was thermally evaporated on the MCC template (Figure [1](#fig1){ref-type="fig"}b). Due to the shadow effects, only the top surface of the PS spheres was coated by the Au film.^[@ref37]^ Also, Au film was deposited through the interstices between three adjacent PS spheres, forming a honeycomb array constituted by Au nanotriangles. Subsequent thermal treatments of the Au-coated MCC template at elevated temperatures (\<350 °C) led to decomposition of the PS spheres. Strikingly, the position of the PS spheres was kept almost unchanged during the thermal deformation and decomposition process. Eventually, Au film evaporated on the PS spheres was loaded onto the substrate, which accurately occupied the original position of the PS spheres (Figure [1](#fig1){ref-type="fig"}c). Dewetting process of the Au film took place at high heating temperatures (\>400 °C), resulting in the transformation of the Au film originally deposited on the PS spheres into Au nanoparticles. These Au nanoparticles are hexagonally arranged, forming pattern I. During the creation of pattern I, the MCC template was used as a scaffold. The Au nanotriangles evaporated on the Si substrate using the MCC template as a mask also suffered from dewetting processes, evolving into a honeycomb array composed of spherical Au nanoparticles (pattern II). The nanoparticles defining pattern II fit comfortably into the lattice gaps of pattern I, resulting in a binary surface pattern (Figure [1](#fig1){ref-type="fig"}d). Plasma etching can transform the MCC templates into nonclose-packed ones (Figure [1](#fig1){ref-type="fig"}e). Interestingly, bridges were formed between two adjacent PS spheres. After heating the Au-coated nonclose-packed MCC template (Figure [1](#fig1){ref-type="fig"}f), Au film evaporated on the PS spheres evolved into pattern I composed of hexagonally arranged Au nanoparticles. While Au quasi-triangles deposited on the substrate developed into nanoparticle clusters (pattern II). Meanwhile, Au film evaporated on the bridges finally evolved into pattern III. Patterns I, II and III weaved together, giving rise to a ternary surface pattern (Figure [1](#fig1){ref-type="fig"}g,h). In short, complex surface patterns can be fabricated by employing the MCC template as a mask and a scaffold simultaneously.

![Schematic illustration of the binary and ternary surface patterns fabricated by merging the masking and scaffolding modalities of the MCC template. (a) MCC template. (b) After Au film evaporation. (c) After thermal treatment at low temperatures (\<350 °C). (d) After thermal treatment at high temperatures (\>400 °C). (e) Nonclose-packed MCC template obtained by plasma etching of the MCC template. (f) After Au film evaporation. (g) After thermal treatment at low temperatures (\<350 °C). (h) After thermal treatment at high temperatures (\>400 °C). To distinguish different pattern structures, yellow, cyan, blue, and green colors are all Au nanoparticles.](cm-2014-02860r_0002){#fig1}

2.2. Preparation of MCC and Nonclose-Packed MCC Template {#sec2.2}
--------------------------------------------------------

Figure [2](#fig2){ref-type="fig"}a shows a typical MCC template composed of closely packed PS spheres with 1 μm size over a large area (Figure [2](#fig2){ref-type="fig"}a, inset). Only the top surface of the PS spheres was covered by the Au layer during Au thermal evaporation process (Figure [2](#fig2){ref-type="fig"}b), as the bottom halves of the spheres were shielded by shadow effects. Nonclose-packed MCC template can be prepared by plasma etching of the as-prepared MCC template. After the MCC template was plasma treated for 30 min, a nonclose-packed MCC template composed of PS spheres with approximately 900 nm size was synthesized (Figure [2](#fig2){ref-type="fig"}c). Interestingly, there was a bridge between two neighboring PS spheres (Figure [2](#fig2){ref-type="fig"}d).

![(a) Large area and uniformly structured MCC template composed of closely packed 1 μm PS spheres; (inset) photograph of the MCC template. (b) Au film evaporated on the top surface of the MCC template. (c) Nonclose-packed MCC template created by plasma etching of the MCC template. (d) Bridges formed between adjacent PS spheres.](cm-2014-02860r_0003){#fig2}

2.3. Surface Pattern Characterization {#sec2.3}
-------------------------------------

After heating the Au film-covered MCC template at 450 °C for 3 h, a well-ordered surface pattern composed of Au particles with a mean diameter of 320 nm was created, evolved from the Au film evaporated on the PS spheres (Figure [3](#fig3){ref-type="fig"}a, pattern I). Within the surface pattern, each Au nanoparticle has six closest neighbors. This differs from patterns produced by the conventional colloidal lithography method, in which each nanoparticle has only three closest neighbors ([Supporting Information](#notes-2){ref-type="notes"}, Figure S1). The scanning electron microscope (SEM) line-scan result (across the line drawn in Figure [3](#fig3){ref-type="fig"}a) clearly demonstrated the composition of the nanoparticles and the regularity of pattern I (Figure [3](#fig3){ref-type="fig"}b). Because the Au nanoparticles were transformed from the Au films evaporated on the PS spheres with the same thickness and thus volume, the size distribution of the Au nanoparticles is very narrow (Figure [3](#fig3){ref-type="fig"}c). Meanwhile, the Au nanotriangles thermally deposited on the substrate evolved into spherical Au nanoparticles, forming pattern II (Figure [3](#fig3){ref-type="fig"}a). In pattern II, each Au nanoparticle has three closest neighbors (Figure [3](#fig3){ref-type="fig"}a). Pattern II embedded itself into the lattices of pattern I, giving rise to a complex "solar system" pattern. Each "solar system" consists of one large nanoparticle surrounded by six other large nanoparticles and six small nanoparticles. Similarly, each small nanoparticle is surrounded by three other small nanoparticles and three large nanoparticles (Figure [3](#fig3){ref-type="fig"}a). These Au nanoparticles strongly attach onto the Si substrate, facilitating diverse on-substrate applications. The complexity of this binary surface pattern enables tunable plasmonic properties,^[@ref46]^ which will be discussed later.

![(a) A binary surface pattern obtained by heating a 10 nm gold-coated MCC template at 450 °C for 3 h. (b) SEM line-scan result across the red line drawn in panel a. (c) Size distribution of the Au particles in pattern I. (d) Ternary surface pattern created by heating the Au thin-film-covered, nonclose-packed MCC template at 350 °C for 3 h; (inset) structure of patterns I, II, and III. (e and f) Ternary surface pattern fabricated by the thermal treatment at 450 °C for 3 h.](cm-2014-02860r_0004){#fig3}

As mentioned above, increasing the heterogeneity of surface nanopatterns is frequently required but extremely challenging using conventional colloidal lithography technique. Therefore, we further explored how to prepare nanopatterns on a surface with more complex structures by using the concept developed here, that is, merging the masking and scaffolding modalities of the MCC templates. The preheating treatment of the MCC template at 110 °C for 5 min can connect the neighboring PS spheres tightly. During the subsequent plasma etching treatment, the etching rate at the connection area is much slower than at other areas, resulting in the formation of bridges between neighboring PS spheres after the MCC template was plasma treated for 30 min (Figure [2](#fig2){ref-type="fig"}d). We expect that these bridges can also behave as scaffolds during subsequent thermal treatments of the Au-covered plasma-treated MCC template. As anticipated, the Au film evaporated on these bridges finally evolved into small Au nanoparticles (about 80 nm) arranged in a hexagonal geometry (pattern III) after calcination (Figure [3](#fig3){ref-type="fig"}d--f). Similar to the case of heating the Au film-covered MCC template, pattern I was composed of hexagonally arranged large Au nanoparticles (about 240 nm in diameter), evolved from Au film evaporated on those PS spheres in the nonclose-packed MCC template. Clusters composed of many about 20 nm Au nanoparticles were arranged in a honeycomb geometry deposited on the substrate through the interstices between adjacent PS spheres. As a result, a uniform ternary nanopattern was prepared over a large surface area using the plasma-exposed MCC template (Figure [3](#fig3){ref-type="fig"}d,e). By adjusting the plasma-etching time of the MCC template, the diameter of the PS spheres and the subsequent length of the bridges can be controlled, which can be further used to control the structure of the ternary patterns. Surprisingly, those 20 nm Au nanoparticles in pattern II did not fuse into large ones, even after a heating treatment at 650 °C for 3 h. The abnormal stability of these Au nanoparticles is still under investigation. One of the possible reasons is the original Au triangles deposited on the substrate using the nonclose-packed MCC template is very uniform in thickness. The uniform thickness of the large Au triangles enables simultaneous nucleation of holes within the Au triangles during thermal-induced dewetting processes.^[@ref43]−[@ref45]^ Subsequently, the Au triangles break down into numerous small Au nanoparticles with almost the same size. These Au nanoparticles with a similar size have a low chance to grow by consuming adjacent particles even at high heating temperatures.^[@ref43]−[@ref45]^ Owing to the high density of the Au nanoparticles in pattern II, a significant amount of SERS "hot spots" existed within the ternary surface patterns. Thus, the ternary surface nanopatterns are good candidates for SERS substrates. Using 4-aminothiophenol as a test molecule, we estimated the enhancement factor of the ternary surface patterns to be \>10^7^ ([Supporting Information](#notes-2){ref-type="notes"}, Figure S2).

2.4. Control of Multiple Structures within a Binary Pattern {#sec2.4}
-----------------------------------------------------------

Precise manipulation of the final structure of the binary pattern on the surface can be achieved by using different sized PS spheres and tuning the Au layer thickness. For instance, adopting an MCC template comprised of large PS spheres can increase the Au nanoparticle size and the interparticle spacing in the final pattern at the same time. Some applications, however, demand independent control of nanoparticle size and interparticle spacing.^[@ref46]^ Varying the thickness of the Au layer offers a convenient solution to change the nanoparticle size while keeping the interparticle distance constant. To demonstrate independent control of nanoparticle size, a binary pattern composed of 230 and 75 nm Au nanoparticles ([Supporting Information](#notes-2){ref-type="notes"}, Figure S3), was fabricated using MCC templates composed of 1 μm PS spheres by increasing the thickness of the evaporated Au film from 10 to 20 nm. The unique patterning technique described here offers another major advantage over other surface patterning methods: the final nanoparticle size and spacing can be precalculated without the need for experimentation.

The size of the Au particles in pattern I is directly determined by the volume of the Au layer evaporated on the PS spheres. This is related to both the diameter of the PS spheres and the thickness of the evaporated Au film. Assuming that the final resulting Au particles are perfectly spherical, the radius (*r*~1~) of the Au particles can be calculated based on eq [1](#eq1){ref-type="disp-formula"}:where *R* is the radius of the PS spheres; *h* is the thickness of the Au film; and *r*~1~ is the radius of the Au particles in pattern I. In pattern II, the volume of the Au nanotriangles determines the final radius (*r*~2~) of the Au nanoparticles, as described by eq [2](#eq2){ref-type="disp-formula"}:If we designate the large and small particles as A and B, respectively, then the stoichiometry of the loosely packed binary surface pattern is exactly AB~2~. Comparing eqs [1](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} shows that the expected radius ratio *r*~1~/*r*~2~ in the loosely packed binary pattern should be about 2.7. By slightly heating the MCC template before Au film evaporation, the void between three adjacent PS spheres can be controllably shrunk.^[@ref47]^ As a result, the ratio *r*~1~/*r*~2~ can be further increased. Using the experimental parameters (*R* = 500 nm, *h* = 10 nm), eqs [1](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} predict values of 125 and 45 nm for *r*~1~ and *r*~2~, respectively. Experimental results yielded slightly larger nanoparticle diameters (160 and 55 nm for *r*~1~ and *r*~2~, respectively) than predicted. The difference in the calculated and experimental results is attributed to imperfections in the spherical shape of the synthesized gold nanoparticles. On the basis of these calculations, we predicted an approximately 90° contact angle between the Au nanoparticle and the Si substrate. After considering the almost hemispherical shape of the Au nanoparticles, accurate prediction of *r*~1~ and *r*~2~ can be achieved.

Importantly, the surface patterning technique developed here can be immediately extended to the preparation of binary and ternary surface patterns composed of other materials (e.g., silver, platinum, copper, and even alloys). In a negative control experiment, we heated a layer of Au film without the MCC templates. As expected, an irregular array of nanoparticles with a wide range of size distributions were created on the surface by a heterogeneous dewetting process ([Supporting Information](#notes-2){ref-type="notes"}, Figure S4).^[@ref43]−[@ref45]^

2.5. Surface Pattern Formation Process {#sec2.5}
--------------------------------------

To understand the formation process of the binary patterns, morphologies of the Au-coated MCC template at different heating temperatures were monitored. As can be seen in Figure [4](#fig4){ref-type="fig"}, the mean size of the PS spheres was reduced from 1 μm to 625 nm (Figure [4](#fig4){ref-type="fig"}a,b), from 1 μm to 565 nm (Figure [4](#fig4){ref-type="fig"}c,d), and from 1 μm to 480 nm (Figure [4](#fig4){ref-type="fig"}e,f) after 3 h of heating at 200, 250, and 300 °C, respectively. The size decrease is caused by thermal decomposition of PS spheres. The Au film adjusted its morphology accordingly by adapting to conform to the now smaller PS spheres. Under lower temperature thermal treatment (\<450 °C), the PS spheres changed their locations slightly due to the slow deformation and decomposition rate. Thermal treatment at temperatures greater than 450 °C induced dewetting in the Au film, as the Au nanostructures have significantly lower melting temperatures than bulk Au.^[@ref48]^ Dewetting of the Au film resulted in the formation of solid Au nanoparticles, and gave rise to the binary and ternary patterns on the surface (Figure [3](#fig3){ref-type="fig"}). To avoid the movement of PS spheres during the template deformation process, the Au-covered MCC template should be placed exactly horizontally in the furnace during calcination to prepare the binary and ternary patterns. It might be able to shift the position of pattern I relative to pattern II by tilting the Au-covered MCC template during thermal treatments, arising from the gravity induced homogeneous movement of the molten PS spheres.

![Structural evolutions of the 10 nm gold layer-coated MCC templates after thermal annealing at different temperatures for 3 h: (a) 200, (c) 250, and (e) 300 °C. (b, d, and f) Corresponding size distributions.](cm-2014-02860r_0005){#fig4}

2.6. Plasmonic Properties of the Binary Surface Patterns {#sec2.6}
--------------------------------------------------------

We further studied the plasmonic properties of the prepared binary surface patterns. Varying the structure of the Au binary pattern produced measurable changes in the LSPR peaks. The original 10 nm thick Au-film-coated MCC template formed by 1 μm PS spheres generated four LSPR peaks (Figure [5](#fig5){ref-type="fig"}a, curve a). After the template was heated at 200 °C for 3 h, one of the original LSPR peaks disappeared, while the other three showed distinct shifts (curve b in Figure [5](#fig5){ref-type="fig"}a). Heating the template at 250 °C or above eliminated yet another peak, leaving two prominent peaks around 560 (curves c--f, Figure [5](#fig5){ref-type="fig"}a, referred to as peak I) and 1200 nm (referred to as peak II). These two peaks, located in the visible and near-infrared range, blue-shifted dramatically with increases in heating temperature (Figure [5](#fig5){ref-type="fig"}b), offering a robust technique to control the plasmonic properties of the binary patterned surface.

![(a) Plasmonic properties of the binary surface patterns with different structures prepared at different heating temperatures. (b) LSPR peak changes resulting from different preparation conditions. The black and red curves show changes in the position of peak I and peak II, respectively, at different heating conditions.](cm-2014-02860r_0006){#fig5}

The above results clearly demonstrate that the plasmonic properties of the binary surface patterns are sensitive to the structure (e.g., size and shape) of the Au nanoparticles. To further study the LSPR dependence on the surface layout, we investigated the plasmonic properties of the binary surface patterns prepared using MCC templates composed of different sized PS spheres ([Supporting Information](#notes-2){ref-type="notes"}, Figure S5). When the templates were heated for 3 h at 200 °C, the binary patterns derived from 500 nm PS spheres presented two LSPR peaks located at approximately 600 and 1100 nm. A higher heating temperature (i.e., 350 °C) led to an obvious blue shift of the two LSPR peaks. Binary patterns created using MCC templates with 200 nm PS spheres exhibited much different plasmonic properties. After heating at 200 °C for 3 h, LSPR peaks emerged at 700 and 1400 nm. More discrepancies emerged after heating at 350 °C for 3 h. A new weak peak appeared at approximately 600 nm, and the smaller peak at 1400 nm disappeared. The plasmonic properties we observed were all highly dependent on the surface layout (e.g., interparticle spacing) of the binary surface patterns.

The structure-dependence of the plasmonic properties can be explained theoretically. On the basis of previous theoretical and experimental studies,^[@ref49]−[@ref51]^ because the resonance frequency of the 110 nm Au hemispheres is perfectly matched with the position of peak I, we believe that peak I in Figure [5](#fig5){ref-type="fig"} originates directly from the satellite Au nanoparticles in pattern II in the binary surface patterns. Adjusting the heating temperatures resulted in changes in particle size and shape, and thus induced movement of the plasmon resonance peaks. We observed that particle shrinking induced by the thermal treatment gave rise to a slight blue shift in peak I (Figure [5](#fig5){ref-type="fig"}), in agreement with the results predicted by Mie theory.^[@ref49]^

Peak II, however, occurs due to the plasmon coupling of adjacent Au nanoparticles within the binary surface patterns. Plasmon coupling theories suggest that a reduction in plasmon coupling, caused by an increase in the interparticle distance, should result in a blue shift in the LSPR peaks.^[@ref49]−[@ref51]^ In our case, as the heating temperature increases, the nanoparticle size decreases due to dewetting-induced shrinkage. Simultaneously, the interparticle distance increases, causing weakened plasmonic coupling and, in turn, a blue shift in peak II. Finite-difference time-domain (FDTD) simulation results ([Supporting Information](#notes-2){ref-type="notes"}, Figure S6) qualitatively agree with the experimental observation. Peak III in the FDTD-simulated spectrum appears when we tilt the excitation light, as discussed below.

Because binary surface patterns have a higher spatial density of nanoparticles than conventional surface patterns, plasmonic coupling gives rise to a strong LSPR peak located in the near-infrared range (∼1200 nm). This peak, along with the other LSPR peak located in the visible range, make binary surface patterns promising in applications such as solar cells (to enable solar energy collection from the visible to the near-infrared range) and biomedicine.^[@ref40]−[@ref42],[@ref52],[@ref53]^ It is worth mentioning that at low heating temperatures, the PS spheres were not totally removed. In this case, the ordered structure of the MCC templates in conjunction with the hollow Au hemispheres demonstrated a strong absorbance in a specific range of wavelengths. The features of the UV--vis spectrum in those wavelengths were complex (demonstrating hybridized plasmonic-photonic characteristics),^[@ref54]^ and lie outside the scope of this study. Similar phenomena can also be used to explain the plasmonic changes in the binary patterns derived from MCC templates formed from 200 and 500 nm PS spheres.

2.7. Angle-Dependent Plasmonic Properties {#sec2.7}
-----------------------------------------

Next, we explored the angle-dependent plasmonic properties of the binary surface patterns (Figure [6](#fig6){ref-type="fig"}a). As the excitation angle increases, peak I exhibits no discernible movement regardless of the structure of the binary patterns, which further supports our hypothesis on the origin of peak I. Peak II, however, dramatically changes with the excitation angle (Figure [6](#fig6){ref-type="fig"}b). This means that simply adjusting the excitation angle offers a robust method to easily and precisely maneuver the two LSPR peaks separately. A new peak (i.e., peak III) appeared at large tilt angles of the excitation light. Specifically, a new LSPR peak appeared at about 800 nm as the excitation angle reaches 30° (Figure [6](#fig6){ref-type="fig"}). Further increasing θ (e.g., 45°) renders a continuous red shift of peak II ([Supporting Information](#notes-2){ref-type="notes"}, Figure S7). This occurs because the distance between the core and the satellite Au nanoparticles varies as θ changes, which subsequently influences the plasmonic coupling effect.^[@ref55]^ Shrinkage of some lattices within the binary surface patterns leads to the dramatic red shift of the LSPR peaks. Those distorted lattices at large excitation angles induce the emergence of peak III. A schematic image ([Supporting Information](#notes-2){ref-type="notes"}, Figure S8) and detailed discussions of the angle-dependence of the plasmonic properties can be found in the [Supporting Information](#notes-2){ref-type="notes"}. In short, by simply tuning the excitation angle, the position and intensity of the two LSPR peaks can be individually manipulated over a broad range.

![(a) Plasmonic properties of the binary nanopatterned surfaces. Black, red, and blue curves are the extinction spectra of surface patterns generated at 300, 350, and 450 °C, respectively, for 3 h. Solid, dashed, and dash-dot curves correspond to the extinction spectra at incident angles of 0°, 15°, and 30°, respectively. (Inset) Diagram defining the incident angle of the light. (b) The LSPR peak II shifts as the incident angle of the light varies.](cm-2014-02860r_0007){#fig6}

3. Conclusion {#sec3}
=============

In summary, we have demonstrated a scalable and robust method to prepare highly ordered, loosely packed binary and ternary patterns on surfaces by combining the two modalities (i.e., scaffolding and masking) of the MCC templates. The structure of the binary or ternary patterns can be conveniently controlled and programmed. The size, shape, and composition of the nanoparticles in the binary and ternary patterns, as well as the interparticle distance, can be manipulated by tuning the thickness of the evaporated metal film, varying the heating parameters, changing the deposited materials, and employing PS spheres of different diameters in the MCC template. In addition, precalculation of nanoparticle size can be achieved, enabling precise design of surface patterns with desired plasmonic properties. Plasmonic properties are highly dependent upon the size and spacing of the core and satellite Au nanoparticles in the complex patterns. Therefore, the plasmonic properties are highly tunable through pattern structure manipulation. Furthermore, by tilting the excitation angle, LSPR peak positions can be individually shifted over a broad range, further enhancing the programmability of the patterns' plasmonic properties. With their advantages in large-scale fabrication, highly ordered and programmable structures, and highly tunable plasmonic properties, the binary and ternary surface patterns presented here can be valuable in applications such as nanophotonics, SERS sensors, solar cells, water splitting, and biomedicine.

Experimental details, SEM images of a honeycomb array prepared using conventional colloidal lithography method, SERS spectrum of the ternary surface nanopatterns, additional SEM images of the binary surface nanopatterns, FDTD simulations, and angle-dependent plasmonic properties of the binary surface nanopatterns prepared at different heating temperatures. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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